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[57] ABSTRACT 
A method of determining the crystalline or structural 
quality of phase transformable material such as silicon 
uses light scattering. The material is exposed to a beam 
of light ofa selected wavelength. Scattered light having 
an intensity above a threshold is detected to provide a 
signal which is used to control the intensity ofa display 
beam of a visual display device. The threshold is varied 
to thereby vary the display beam intensity so as to pro 
vide the minimum intensity of display beam which 
yields a full display. The value of the thusly adjusted 
threshold intensity is used as a direct measure of the 
structural quality of the material. 

The light scattering process is used to determine the 
phase of deposited material. 
A layer of silicon material annealed from as-deposited 
amorphous phase material is easily and quickly distin 
guished from material as-deposited crystalline phase 
material and subsequently annealed. 

10 Claims, 17 Drawing Figures 
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METHOD FOR DETERMINING THE PHASE OF 
PHASE TRANSFORMABLE LIGHT SCATTERING 

MATERIAL 

This invention is a method for determining the crys- , 
tallographic phase of light scattering material. More 
particularly, this invention is directed to crystalline 
silicon material which has been grown in the amor 
phous phase with subsequent conversion to a crystalline 
phase by annealing at high temperatures. 

BACKGROUND OF THE INVENTION 

Silicon wafers useful in the manufacture of semicon 
ductor devices require close scrutiny to detect defects 
as soon as possible in the manufacturing process. Sev 
eral apparatus are known in the art for detecting micro 
scopic defects on the surface or near the surface of such 
devices. One such apparatus utilizes a laser beam that is 
scanned over the surface of a wafer and includes means 
for detecting scattered radiation from the wafer surface. 
The specular re?ection is blocked from the detection 
device by suitable arrangement of the lenses and spatial 
?lters. If the surface of the wafer has an imperfection 
such as dirt, hills, scratches and the like, the laser beam 
will be scattered from the imperfection. There are also 
scattering processes such as Raman scattering, etc., 
which occur, but the intensity of the light due to such 
scattering effects is usually negligible. The scattered 
light from the wafer is collected from about the main 
axis of the lens and is focused on a detector. The scat 
tered light is converted to electrical impulses which can 
be counted or, in the alternative, can be displayed as a 
bright spot on an oscilloscope or other monitor. See 
U.S. Pat. No. 4,314,763 issued Feb. 9, 1982 to E. F. 
Steigmeier et al. entitled “DEFECT DETECTION 
SYSTEM” for a detailed description of such a scanning 
apparatus. 
The use of such light scattering apparatus for detect 

ing surface and subsurface defects by conventional light 
scanning techniques does not identify or test for the 
crystalline quality of the semiconductor material. The 
quality of such material is related to the purity or per 
fection of the crystallographic growth of the material 
on an atomic or microscopic scale. Deviations from the 
ideal crystallographic perfection can be said to be a 
reduction in the quality of the material. The better the 
quality the closer the material is to the ideal crystallo 
graphic perfection. The term “crystallographic quality” 
includes structural conditions known to more or less 
extent in the art. For example, “mosaic spread” can be 
a deviation from the ideal crystallographic structure 
caused by slight misorientation of the crystalline axis 
directions or mosaic spread can be manifested by larger 
misorientations of one area of the material against the 
adjacent area. Such larger misorientations might be 
called “grain” or “twinning.” Other structural devia 
tions of the crystalline structure of a semiconductor 
material are continuously being identi?ed and analyzed 
in the art. However de?ned, the quality of the crystal 
line structure, it should be understood, is distinguished 
from the defects on the surface of the semiconductor 
material in the form of scratches, recesses, particulates, 
and the like. 

In U.S. Pat. Nos. 4,352,016 and 4,352,017, issued Sept. 
28, 1982, both entitled A METHOD AND APPARA 
TUS FOR DETERMINING THE QUALITY OF A 
SEMICONDUCTOR SURFACE, based on the inven 
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2 
tions of M. T. Duffy, P. J. Zanzucchi, and J. F. Corboy, 
Jr., there is described a method and apparatus for deter 
mining the quality of the material of a semiconductor 
surface. In brief, the surface quality of the semiconduc 
tor material is determined by exposing the semiconduc 
tor surface to two light beams of different wavelengths 
or wavelength ranges (e.g., ultraviolet at 2,800 ang 
stroms and near ultraviolet at 4,000 angstroms). A por 
tion of each of the respective light beams is reflected 
from the semiconductor surface. The intensity of each 
reflected beam is measured to obtain an intensity differ 
ence whereby the magnitude of the difference is a mea 
sure of the quality of a semiconductor material. While 
the quality of semiconductor material can be tested or 
evaluated quite well using the ultraviolet two wave 
length technique described in the above-identi?ed 
Duffy, et al. patents, the time required to make such 
tests can be very long and not well suited for on-line 
evaluations needed in modern day semiconductor pro 
cessing and manufacturing. 

SUMMARY OF THE INVENTION 

The present invention uses light scattering techniques 
to provide an indication of the crystallographic phase of 
phase transformable material. The method comprises 
exposing the surface of a deposited material of a given 
crystallographic phase to a wavelength of light suffi 
cient to penetrate the material to a depth of interest, 
detecting the scattered light, and adjusting the thresh 
old of intensity of the detected scattered light so that the 
display of the detected signal on a visual display is suffi 
cient to provide a full display of the surface. The value 
of the threshold adjustment is a direct measurement of 
the crystallographic phase of the material. 
According to another aspect of this invention, a rapid 

acceptability characterization of phase transformable 
material can be performed, in order to determinine (a) 
whether the deposited material is in the amorphous as 
compared to the crystalline state; or (b) whether the 
crystalline material had been deposited previous to 
annealing crystallization in the amorphous as compared 
to the crystalline state. 

BRIEF DESCRIPTION OF THE DRAWING 

In the drawing: 
FIG. 1 is a schematic of an optical scanner apparatus 

useful in practicing the method of the present invention; 
FIG. 2 is a block schematic of the ampli?er circuit of 

the scanner illustrated in FIG. 1; 
FIGS. 3a and 3b are plots, useful in understanding the 

invention, of the detector signals of two wafers of dif 
ferent quality; 
FIGS. 4a, 4b, 4c, respectively, are photographs of the 

display during the testing of the quality of SOS wafer at 
different threshold adjustments; 
FIGS. 5a and 5b are photographs illustrating the use 

of the invention to determine a relative good quality 
and bad quality SOS wafer for production line use; 
FIG. 6 is a plot showing the correlation between light 

scattering apparatus and ultraviolet reflection apparatus 
results; 
FIG. 7 is a plot of the Raman scattering peak intensity 

versus temperature of deposition (TD) for various de 
posited silicon samples; 
FIG. 8 is a correlation plot of the Raman scattering 

peak intensity and elastic intensity for various deposited 
samples of silicon; 
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FIG. 9 is a plot correlating Raman scattering peak 
intensity and the laser scanning units (1) of the present 
invention; 
FIG. 10 is a plot correlating the laser scanner units (I) 

of the present invention and the elastic light scattering 
intensity; 
FIG. 11 is-a plot of temperature of deposition of 

various samples of silicon against the elastic light scat 
tering intensity; 
FIG. 12 is a plot similar to FIG. 11 of as-deposited 

silicon samples that were subsequently annealed; and 
FIG. 13 is a plot of Raman scattering peak intensity 

against wavelength in angstroms (A) or wavenumber 
for ?lms of amorphous, crystalline and mixed material 
form, the three curves being offset for clarity purposes. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Before proceeding to a detailed description of the 
method for determining according to the present inven 
tion the crystallographic phase of semiconductor mate 
rial, reference is made to FIG. 1 illustrating a suitable 
optical scanner for which the method of the present 
invention is used. The apparatus shown in FIG. 1 and 
described in detail in the above-identified Steigmeier et 
al. patent, comprises an optical system 10 which in 
cludes a light source 16 providing a beam of light 12’ 
passing through a series of prisms 18 and 20 and then 
through a focusing means such as lens 22 forming beam 
12. The light source 16 provides a light of any selected 
wavelength and includes light in the infrared (IR), visi 
ble or ultraviolet (UV) light spectrum. Light source 16 
may be a low power laser, for example, a HeNe laser 
producing light at 6323 angstroms in wavelength which 
is focused by lens 22 into a spot 250 pm in diameter. For 
optimized conditions (of minimum beam spot size) ellip 
tical spot sizes of 40 pm by 250 um may be produced by 
inserting an appropriate cylindrical/spherical lens sys 
tem (not shown) in between the two prisms 18 and 20. 
Beam 12 of the laser light is projected onto the surface 
14 of an object such as the unit under test (UUT). The 
unit under test may be a wafer of silicon as used in the 
manufacture of integrated circuits (IC) and other semi 
conductor devices. The UUT, for example, is a wafer of 
silicon on sapphire (SOS). However, wafers of epitaxial 
deposited silicon on substrates such as silicon, spinel, 
etc., may also be used. Moreover, the quality of dielec 
tric material and of amorphous silicon material may also 
be determined as covered by our above-identi?ed co 
pending application Ser. No. 244,060 now U.S. Pat. No. 
4,391,524. According to the present invention, the crys 
tallographic phase of phase transformable material is 
determined as will be explained hereinafter. 
The position of the light source 16 is not critical, but 

the position of the beam 12 between the prism 20 and 
object surface is important. The axis of the beam is 
preferably substantially perpendicular to the surface 14. 
Light generated by laser 16 is preferably scanned over 
the surface 14 of the UUT and is reflected back through 
the lens 22 via beam pattern 24 and collected on a pho 
todetector 26 which is positioned along the axis of the 
beam 12. Lens 22 in combination with prism 20 serves as 
a ?rst of two spatial ?lters to specular reflected light 
along the axis of beam 12. Defects that appear on the 
surface 14 of UUT may be as small as 1 am in area. A 
defect may extend beyond the diameter of the laser 
beam, namely beyond 250 um, in which case its shape, 
as distinguished from its mere size, will be detected by 
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the scanning process. Surface defects scatter a sufficient 
amount of light beyond prism 20 so as to be detected by 
photodetector 26. In general, since an ideally optically 
?at surface will not scatter light, the defect will have 
surface portions that are not optically flat with respect 
to the incident light. 
An aperture mask 25 acts as the second spatial filter in 

optical system 10 and prevents ambient light from being 
projected onto the detector 26. The output of detector 
26 is applied to an ampli?er circuit 28 which provides 
an output signal to either or both a counter display 30 or 
a cathode ray tube (CRT) display 32. Counter display 
30 counts the number of defects that are detected during 
a scan of beam 12. The CRT display 32 provides a visual 
display of the relative spatial distributions of the loca 
tions of the defects on the UUT. Amplifier 28 is a high 
gain ampli?er analogue in nature and produces an am 
plified output of the detector output with respect to the 
input signal it receives from detector 26 at terminal 28a. 
This results in gray scale in the CRT display 32, the 
intensity of the indications of defects on the CRT screen 
being indicative of the defects. A more detailed sche 
matic of ampli?er 28 is shown in FIG. 2 to be described. 

In the form of the scanner shown in FIG. 1, the beam 
12 scans the UUT in spiral fashion and the electron 
beam of the display 32 is also scanned in spiral fashion. 
The UUT may be a circular surface and for such pur 
poses a spiral pattern is useful. For square shaped sur 
faces a circular inscribed portion is scanned. If desired, 
the pattern may be converted into an X-Y display which 
is achieved by the coordinate transformation system 60 
which transforms polar coordinates of the beam striking 
at surface 14 into suitable rectangular coordinates 
which are applied as X-Y coordinate inputs for the 
display 32. A detailed description of the polar coordi 
nate system 60 is not given here, but a more detailed 
description is given of this and other features in the 
above-identi?ed US. Pat. No. 4,314,763, described 
above and hereby incorporated by reference. 

In brief, the coordinate system 60 includes polarizer 
PR, spaced, stationary analyzers Py and PX, and detec 
tors 74 and 76 excited by the light emitting photodiodes 
LX and Ly, which are energized by power supply 73. 
The system 60 includes a shaft 62 rotating in direction 
64 over rotatable table support 42 slidable by motor 40. 
A gear 66 connected to shaft 62 is meshed with gear 48 
so that the polarizer PR rotates at a predetermined angu 
lar speed, typically one half the angular speed of the 
UUT on table 44, rotated by shaft 46 in direction 38. 
The light from the diodes L; and Lyare passed through 
the polarizer PR and detected by detector 74 and 76 and 
applied to the processing circuit 54. A wiper arm 50 is 
connected (dashed line 56) to the table 42 and moves 
with the table 42 as the table‘lranslates in the direction 
x’. The wiper arm 50 is part ofa potentiometer 52 which 
is connected to processing circuit 54 provides the X and 
Y signals for application to the CRT 32 in the manner 
described in the above-identified US. Pat. No. 
4,314,763 of Steigmeier et al. 

In operation, when the incident beam 12 is positioned 
at the center of the UUT, the output of ampli?er 28 is 
zero. As the beam 12 is moved from the center, signals 
are detected by detector 26 and applied to amplifier 
circuit 28 and applied to display 32. The display is 
scanned in an X-Y direction, providing a visual display 
corresponding to the scattered light from the beam 12. 
The display appears as bright spots and positions of the 
spots on the display screen correspond to the spatial 
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distribution of the locations of the defects on or close to 
the surface of the UUT. 

Reference is now made to FIG. 2, which shows par 
ticularly the ampli?er circuit 28 in detail and its relation 
to other portions of the system. Laser 16 provides a 
?xed intensity beam 12 which is scattered as beam 24 
which, in turn, is detected by detector 26. The output of 
detector 26 is coupled via terminal 280 to a preampli?er 
100 which in turn is coupled to a threshold current 
ampli?er 102 and thence through one way or another 
single pole, double throw switch or straps 105 and even 
tually switch 106. The threshold signal from ampli?er 
102 is either applied directly to an inverter 104 or, in the 
alternative, to an output ampli?er 108. Single pole, 
double throw switch 107 inserts either one of diodes 110 
or 112 in the circuit depending upon the insertion or 
removal of inverter 104 by switches 105 and 106. In 
verter 104 is used, if desired, to invert the output signal 
of ampli?er 102 whereby the display of a detected de 
fect signal will be inverted. Output resistor 114 (con~ 
nected to ground) provides the output signal which is 
applied to the cathode of the CRT 32, as at terminal 116. 
A threshold control network 120 provides a means 

for controlling to a predetermined or preselected value 
the intensity I of the beam of the CRT display 32. The 
network 120 comprises for testing a reference potenti 
ometer 122 formed of serial resistors 124, 126 and 128 
connected between +15 volts and —l5 volts. An ad 
justment tap 130 is connected to one terminal of a single 
pole, double throw switch 132, the common terminal of 
which is connected to another switch 134 and thence to 
the input 1020 of “threshold ampli?er” 102. This net» 
work 120 provides in a test mode an adjustable voltage 
to the threshold (I) ampli?er 102 to provide a suitable 
test signal for display on the CRT display 32 for align 
ment ampli?er testing purposes, etc. Threshold ampli 
?er 102 is a suitable operational ampli?er having a ?rst 
input 102!) and a second input 102a. The network 120 
with the switches 132 and 134 in the position as shown 
provides a control voltage to terminal 102a of ampli?er 
102 as the test mode of operation during which the laser 
is scanning the UUT or wafer. In this test mode a light 
emitting diode 60a is triggered by the coordinate trans 
formation system 60 to ?ash light pulses four times per 
revolution of the wafer UUT (14) at the detector 26. 
The output signal of detector 26 after ampli?cation 
through preampli?er 100 and ampli?er 102 and 108 
produces a test pattern on the CRT display 32 for judg 
ing the good alignment values of the optics and the 
good working condition of the electronics. 
For normal operation to preset the predetermined 

threshold at which the CRT beam provides a predeter 
mined intensity I, a threshold intensity adjustment po 
tentiometer 140 is connected by ganged switch 147 
between either one of a pair of selectable resistors 142 
and 144 connected in common to +15 volts, the other 
terminals being connected to switch 147 through a pair 
of resistors 146 and 148 to — 15 volts. The resistors can 
be selected to provide different voltage ranges to 
thereby change the intensity of the CRT beam over a 
wide range of values as desired. 

In operation, with switches 134 and 132 positioned to 
the “normal” position opposite to that shown in FIG. 2, 
the intensity threshold (I) control 140 will be in the 
circuit. By adjusting potentiometer 140, the intensity (I) 
of the CRT beam may be adjusted to a predetermined 
value. Suitable calibration indicia (for example, “0” to 
“1000" on the potentiometer are provided (not shown) 
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6 
as a repeatable reference of the selected position of the 
potentiometer 140. 

In addition to the threshold (1) intensity control net 
work 120, a second threshold (D) control 150 is pro 
vided to modify the intensity signal (IL/UT) for counting 
display 30. The D threshold adjustment 150 provides a 
reference adjustment ofa threshold ampli?er 152 whose 
output is coupled to the input of a gate 154 which in 
turn is triggered by flip-flop 156 which is triggered by 
one shot 158. Gate 154 is coupled to transistor 160 
which in turn is coupled to counter 30a of display 30 
shown in FIG. 1. With contact switch 162 normally in 
the position shown, triggered events will be registered 
in the display 30 and with the switch 162 operated mo 
mentarily to the other position the display 30 is cleared 
to “0000.” Switch 164 is a switch for controlling the 
CRT beam according to the switch positions as shown. 
The coordinate transformation system 60, described 
above for FIG. 1, as shown in block form is coupled to 
terminals X and Y of the CRT scope display 32 to pro 
vide a signal for controlling the X-Y display pattern 
described above. 

Thus, the threshold intensity (I) potentiometer 140 
and threshold (D) potentiometer 150 provide an adjust 
able detection sensitivity control of the scattered light 
for the CRT 32 display and the counter display 30, 
respectively. The sensitivity of detection can be further 
changed by increasing the gain of the preampli?er 100 
and the ampli?er 108 or by inserting an attenuator (not 
shown) between the two. The intensity of the CRT 
display beam is adjusted by the threshold (I) potentiom 
eter 140 to increase the detector signal suf?ciently to 
the level at which the CRT 32 displays the detected 
signal. 

In operation, with a UUT in position on the table 44, 
the scanner provides a beam 12 which in turn results in 
a scattered beam 24 which will, after detection, provide 
a display on CRT 32. Defects that may appear will be 
counted in the typical prior art procedures on counter 
display 30 and displayed on the CRT. Thus, in the prior 
art operation of the scanner apparatus defects on the 
surface of an object of semiconductor material are de 
tected by scanning the surface and adjusting the potenti 
ometer 140 of the threshold (I) control (FIG. 2) at vari 
ous values to provide a visual display on the CRT of 
display 32 or a count of defects on counter display 30 as 
described in detail in the aforementioned Steigmeier, et 
al. patent application. The particular size of a defect can 
be identi?ed by calibrations of setting of the threshold 
(I) potentiometer 140 and/or threshold (D) potentiome 
ter 150. 
The invention for determining the crystalline quality 

of the bulk material below the object surface as covered 
by our copending application Ser. No. 244,060 now 
U.S. Pat. No. 4,391,524 is based on the discovery that 
similar identi?able defects of comparable size, appear 
ance, density and the like on each of two different wa 
fers but of different crystalline quality resulted from 
different adjustments of the threshold (I) potentiometer 
140 to get what appeared to be the same defect display. 
It was discovered after many experiments with this 
observed phenomenon that a relatively good quality 
wafer had a signi?cantly different threshold (I) adjust 
ment than a relatively poor quality wafer and that such 
a parameter adjustment was a repetitive and reliable 
factor for determining at least the relative quality of the 
bulk or volume portion of semiconductor material. Ref 
erence is made to FIGS. 3a and 3b for a more detailed 
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description of this phenomenon. The intensity (I) of the 
detected scattered signal is plotted against the distance 
along the spiral track path of a light scan over the wa 
fer. With the threshold (I) potentiometer 140 set at an 
arbitrary value of 000 within a range of 0-1000, the 
display on the CRT display 32 may be represented as 
illustrated in FIG. 3a. The dotted-dashed lines 209 
(FIG. 3a) and 209’ (FIG. 3b) represent the preselected 
full writing level of the CRT. This level can be changed 
by adjustment of the CRT. The spikes 210 and 212 
developed from the background response 214 represent 
respectively relatively small and large defects (or par 
ticulates, such as dust) on the surface of the wafer. The 
distance 216 represents the relative purity of quality of 
the bulk portion of the wafer. 
Another wafer having similar defects on the surface 

but having bulk material beneath the surface of poorer 
quality than the wafer illustrated by FIG. 30 may be 
scanned at the same arbitrary level of “000” to produce 
a display such as shown in FIG. 3b. The small and large 
defects 210' and 212’ respectively correspond to the 
similarly sized defects 210 and 212 illustrated in FIG. 
3a. The distance 216’ represents the relative quality of 
the crystallinity of the bulk material of the poorer qual 
ity wafer. It is seen that the distance 216’ for the wafer 
of FIG. 3b is signi?cantly greater than the distance 216 
for the wafer of FIG. 30. If for both wafers the thresh 
old I adjustment is now increased from the arbitrary 
value of “000”, the storage scope will produce writing 
when the background levels 214 and 214' in FIGS. 3a 
and 3b, respectively, are shifted to the level of lines 209 
and 209’. This occurs at the threshold I setting of 710 for 
the good quality wafer or at the threshold I setting of 
660 for the poor quality wafer corresponding to the 
greater distance between the background 214 and line 
209 in FIG. 30 than between background 214’ and line 
209' in FIG. 3b. Thus, the quality of a wafer such as that 
illustrated by FIG. 3b writing fully at 660 as compared 
to the wafer represented by FIG. 3a which is Writing 
fully at 7l0 can be said to be of poorer quality. 
An apparatus of the type described above for provid 

ing light scattering from the surfaces of wafers can be 
used to test or appraise wafers on a very rapid and 
accurate manner particularly useful for manufacturing 
of semiconductor material. The invention provides spe 
cial use for semiconductor material heteroepitaxially 
grown on substrates such as sapphire, a procedure 
known in SOS IC processing but may be equally useful 
for homoepitaxially grown silicon. 
The invention of our copending application Ser. No. 

244,060, now US. Pat. No. 4,391,524 as will now be 
described in detail by several examples, can be used in 
both a stationary and scanning mode of the apparatus of 
the type described in the above identi?ed US Pat. No. 
4,314,763 to Steigmeier et al. In the practice of either 
mode, laser light, having a wavelength preferably in the 
range of wavelengths between blue and ultraviolet, is 
impinged on the surface of the wafer under test. The 
scattered light from the illuminated area is collected as 
described above and detected and processed. In gen 
eral, the quality of materials in addition to epitaxial 
silicon layers for SOS wafers can be determined. For 
other materials comprising epitaxial silicon layers or 
silicon thin wafers or bulk wafers, or many amorphous 
materials, the quality can be determined by having the 
appropriate penetration depth of the incident light be 
sufficient to cause the bulk or volume portion of the 
material to develop scattering. This is done by appropri 
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8 
ate selection of the wavelength of light. Moreover, the 
method may be extended to metal layers or thin ?lms or 
other light absorbing layers to within the penetration 
depth of the appropriately chosen light. 
An example of the method of our previous invention 

covered in application Ser. No. 244,060 is demonstrated 
by reference to FIGS. 4a, 4b, and 4c. The photographs 
of FIGS. 4a—4c are that of the CRT of display 32 taken 
for three different threshold settings of potentiometer 
140 for the same SOS wafer in the scanning mode. Ac 
cording to the arrangement of the apparatus, a display 
that is dark represents relatively good quality material 
while the white portions of the display represents rela 
tively bad or poor quality material. The wafer display 
illustrated in FIG. 4a is indicated by a portion “1” rep 
resented by a solid circle. Circle 1 is located at the 
center of the wafer for reference purposes. The two 
dotted circles aligned vertically above circle 1 repre 
sents other surface portions of the wafer, namely, por 
tion 2 and 3 to be discussed with respect to FIGS. 4b 
and 4c. The wafer as seen in FIG. 4a indicates that the 
area 1 is at the writing level of the CRT (transition from 
black to white) for a value of 740 of the threshold I 
potentiometer setting. Note that the lower half of the 
wafer is rather close (just slightly better) in quality to 
portion 1 since it is close to the CRT writing level for 
the same threshold I setting of 740. 
The display illustrated by FIG. 4b was taken when 

the potentiometer setting is 720. It will be seen that the 
area portion 2 is at the writing level of the CRT for a 
value of the threshold I setting of 720. This is indicative 
of a worse quality of portion 2 than that of portion 1. 
FIG. 40 illustrates a display with the threshold poten 

tiometer set at 700. The portion 3 is at the CRT writing 
level for this (700) threshold I setting. Portion 3 is, 
therefore, the worst in quality of the three portions 1, 2 
and 3 on the wafer. 

Thus, the intensity of detected scattered light is a 
relative parameter depending on the quality of a mate 
rial. This knowledge is useful in accepting or categoriz 
ing wafers to meet certain manufacturing criteria. 

Reference is now made to FIGS. 5a and 5b providing 
a further illustration of how the scanning method for 
appraising the quality of semiconductor wafers might 
be used. The apparatus is set up with a preselected 
position of the threshold (I) potentiometer 140 set at 
710. The value 710 corresponds to a setting that was 
determined by experiment as being the threshold of 
acceptability or conversely the threshold of rejection of 
wafers. An ultraviolet HeCd laser (3,250 angstroms) 
was used. The quality of many wafers were tested and 
appraised and found at this setting ofI to have been of 
good quality when the display was substantially dark 
and poor quality wafers when the display was substan 
tially white. Various surface portions ofthe wafer could 
be considered as being within or without a reject crite 
rion. For example, ifa wafer was ofa poor quality in the 
peripheral portions and good quality in the central por 
tions, the wafer could be accepted. Other conditions of 
acceptability can be established according to the crite— 
rion set forth by the user. (Compare, for example, FIG. 
4a to FIG. 40.) 

FIG. 5a, which is a display of a good quality SOS 
wafer, is substantially black. FIG. 512 represents a poor 
quality wafer which provides a display of the scattered 
light signal that is substantially white. Accordingly, the 
wafer illustrated in FIG. 5a would be clearly acceptable 
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whereas the wafer described in FIG. 517 would be re 
jected. 

During the course of tests on many wafers of varying 
quality, a comparison was made between the results 
obtained by the ultraviolet re?ection techniques de 
scribed in the above-identi?ed U.S. patents of Duffy et 
al. and tests made on the light scattering apparatus illus 
trated in FIGS. 1 and 2, respectively on the same wa 
fers. Reference is made to FIG. 6 which is a plot of a 
correlation made between the tests of the same wafers 
by light scattering techniques of our previous invention 
and the ultraviolet reflection techniques in the above 
identi?ed Duffy U.S. patents. The resulting scattering 
values as represented by the threshold potentiometer 
140 settings are indicated on the ordinate of FIG. 6 
within the range of 600-750. The abscissa represents the 
quality of wafers based on the ultraviolet re?ection 
technique as described in the above-identi?ed Duffy et 
al. patents, determined by the difference of the SOS 
wafer reflectivity (R505) from the bulk silicon reflectiv 
ity (R5,). This difference of the two measurements mul 
tiplied by 1,000 provides a relative number (10-80) as 
plotted along the abscissa. The measurements in this 
series of tests was done for light at both 4,416 angstroms 
as represented by curve 230 while a similar set of tests 
were made with an ultraviolet light laser at 3,250 ang 
stroms represented by curve 232. The wafers tested 
using the light scattering techniques are illustrated by a 
typical wafer 234. For these tests the judged portion of 
the wafer consisted of a square of 2 cm as indicated. The 
tests for the ultraviolet re?ection tests were done on the 
same wafer as illustrated by wafer 234’. In this instance 
the UV re?ection was made at 5 discrete portions of the 
wafer represented by portions 236, 238, 240, 242 and 
244 of which the portion 244 was selected for the plot of 
FIG. 6. The UV light was not scanned. The size of the 
portions exposed to the ultraviolet beam was 5 mm. The 
vertical bars 246, 248, etc., through 250 represent test 
data of the maxima, minima and average values of 
threshold I settings respectively for a particular wafer 
tested using the light scattering method of the above 
identi?ed previous invention, taking into account the 
variations over the square 234 of the wafer. The plots 
show very good correlation between the quality of 
wafers between respective techniques. Arbitrarily, the 
wafers were grouped as categories A to F as indicated 
at the lower portion of FIG. 6. The best quality wafers 
A are seen to include the portion of the curves 230 and 
232 that are near or about the threshold setting 750. The 
poorer quality wafers correspond to category F in 
which the settings of the threshold adjustments were in 
the range of 625. Intermediate quality categories B, C, 
D, and E are clearly seen from the plot. 
The previous invention and the present invention, to 

be described hereinafter, can be practiced in the station 
ary mode by mainly positioning the beam 12 on the 
wafer by rotating the table by hand. In practice, the 
apparatus shown in FIG. 1 would be modi?ed to use a 
simple table at the place of the UUT on which the wafer 
can be placed. Alternatively, a simple stage may be 
provided which is arranged to select five representative 
locations, such as those illustrated by wafer 234’ in FIG. 
6, on which tests could be made successively. This 
would provide a simpler and faster technique th'an scan 
ning the entire surface and would provide a simpler 
technique for making an easier evaluation of the wafer 
on the selected spots. However, the overall quality of 
the wafer would be unknown in fact. 
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While any form of laser light may be used in the 

practice ofthe invention (e.g., light within wavelengths 
of 2,600-5,20O angstroms), it has been discovered that 
epitaxial layers of SOS wafers are somewhat transpar 
ent to blue laser light. As a result, some interference 
stripes have been observed in the areas that are close to 
but not at the threshold value of potentiometer 140 to 
develop a full display of the type described with respect 
to FIGS. 40, 4b and 4c. In the preferred form of practic 
ing the invention, an ultraviolet laser light is used. An 
ultraviolet laser light has been discovered to virtually 
eliminate the undesirable stripes found in the use of blue 
laser light. 
According to the present invention, in addition to 

determining the structural quality of a crystalline or an 
amorphous material, as described hereinabove, a rapid 
acceptability characterization can be performed of 
phase transformable material, i.e. of a material which, in 
a certain process, can be deposited in either the amor 
phous phase or the crystalline crystallographic phase. 
Depending on the deposition conditions, either one of 
the two phases can be used. Thus, this invention can be 
used to detemine whether the material under test, as 
deposited, is amorphous or crystalline. Moreover, the 
invention can be used to determine whether the ?lm or 
layer of subsequently annealed (and thus crystallized) 
material resulted from an as-deposited amorphous layer 
or from an as-deposited crystalline layer. This feature 
can be very important, because a ?lm or layer from an 
as-deposited amorphous layer is of much superior qual 
ity in terms of device performance. Examples of these 
materials will now be described. 
The term amorphous material or amorphous semi 

conductor material, shall mean, in the present descrip 
tion, material that is without crystallinity as detected by 
Raman light scattering. We say that a silicon ?lm will 
have crystalline character if we can detect a Raman 
spectrum exhibiting a narrow line at about 522 cm-1 
which corresponds to the optical lattice vibration of 
silicon. We say that a silicon ?lm is fully amorphous if 
the Raman line at 522 cm‘1 is missing, and instead a 
broad Raman line is observed peaking at about 490 
cm‘1 which usually is much weaker than the crystalline 
line. We say that a silicon ?lm has partial amorphous 
and partial crystalline character if both of these features 
are present in the Raman spectrum at the same time. We 
shall refer to such ?lm as “mixed.” FIG. 13 illustrates 
the Raman spectrum for the measurements of these 
materials. 

In U.S. patent application, Ser. No. 441,371, ?led 
Nov. 13, 1982 by A. E. Widmer et al., incorporated 
herein by reference, there is described the use of low 
pressure chemical vapor deposition (LPCVD) for de— 
veloping polysilicon layers grown in the amorphous 
state. This is accomplished by a growth of amorphous 
silicon at a deposition temperature of 580° C. or less. It 
has been determined that polysilicon layers annealed 
from such amorphous depositions are of superior qual 
ity for device applications than that which is obtained in 
more conventional processes in which the polysilicon is 
deposited at temperatures of 620° C. or greater. Speci?' ‘ 
cally, the amorphous-grown layers exhibit low surface 
roughness, low internal strain, high structural perfec 
tion and other desirable properties after they have been 
exposed thereafter to annealing temperatures of 850° C. 
to 1050" C. in the conventional processing steps. Vari~ 
ous known techniques are used to characterize the lay 
ers in the as-grown state as, for example, by Raman 
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scattering as will be explained hereinafter in relation to 
FIG. 7. It is desirable in the art to test or characterize 
such ?lms or layers rapidly. According to the present 
invention, elastic light scattering measurements using 
the laser scanner apparatus (FIGS. 1 and 2) can be used 
to provide a _very rapid characterization of such mate 
rial. For example, a measurement can be made in seven 
seconds as compared to 7-10 minutes if done with a 
Raman spectrometer. 
The present invention makes use of several important 

features which are illustrated in FIGS. 7 through 12. 
In a given silicon deposition process, such as 

LPCVD, described in the Widmer, et al. patent applica 
tion, it has been shown that one can produce very re 
producibly a deposited layer of one or the other crytal 
lographic phase, i.e., an amorphous layer or a crystal 
line layer, by simply varying the deposition temperature 
as shown in FIG. 7. 
FIG. 7 is a plot of the Raman scattering peak intensity 

versus the deposition temperature. A suitable Raman 
spectrometer for measuring the data shown in FIG. 7, 
as well as FIGS. 8 and 9, is described in the RCA Engi 
neer 15, 82, (1970) in an article on “Light Scattering 
with Laser Sources” by G. Harbeke and E. F. Steig 
meier. The points plotted in FIG. 7 as a circle represent 
amorphous material deposited at temperatures within 
the range of 560° to 580° C. Points x are polycrystalline 
silicon layers deposited at about 620° C. whereas the 
points of an x in a circle are polysilicon materials mixed 
with amorphous materials deposited at about 600° C. It 
is seen from FIG. 7 that the amorphous silicon layers 
indicate Raman counts which have an intensity of 20 
counts per second for this embodiment. 

In addition, FIG. 8 shows that the structural perfec 
tion or quality of the as-deposited ?lms, as determined 
by the inelastic light scattering intensity (IRamgn), cov 
ers a very well de?ned range for each of the two phases, 
with good reproducibility, for the above LPCVD pro 
cess. It is noticed in FIG. 8 that the two well de?ned 
ranges of structural quality for as-deposited amorphous 
and as-deposited crystalline layers, respectively, are 
distinctly separated, i.e. below 0.2>< l0I0 counts/sec on 
the elastic intensity axis for the amorphous layers region 
(309), and above 1.1 X lOlocounts/sec for the crystalline 
layers (305). In fact, a correlating line 302 can be drawn, 
as shown, connecting the two regions and passing 
through the cross-over region (“mixed") 304. Line 306 
with the arrow indicates where the phase change at 
which the amorphous material becomes crystalline. 

If the laser scanner (FIGS. 1 and 2) is used for asses 
sing the structural perfection of the as-deposited layers, 
FIG. 9 shows that the two well-de?ned regions for the 
amorphous phase and the crystalline phase are denoted 
by 309' and 305', respectively, with the connecting line 
308 passing through the cross-over region 304’. Line 
306' indicates where the phase change occurs. 
FIG. 10 shows that the two quantities plotted on the 

horizontal axes of FIGS. 8 and 9, i.e., the elastic scatter 
ing intensity and the laser scanner units (Intensity I), 
respectively, are, indeed, cross-correlated, and the well 
de?ned region for as-deposited amorphous layers is 
denoted by area 309", the one for the as-deposited crys 
talline layers by 305". Based on these data, we have 
therefore shown, that one can use the relatively slower 
elastic scattering intensity measurement or even better, 
the very rapid scanner characterization of the present 
invention for determining whether an as-deposited 
LPCVD silicon layer has been deposited in the highly 
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12 
desirable amorphous phase as opposed to the undesir 
able crystalline phase. 

Reference is now made to FIGS. 11 and 12. It is 
known in the art that as amorphous material is heated 
above its deposition temperature it becomes gradually 
more crystalline, as described in the above-identi?ed 
patent application of Widmer et al. In particular, it is 
known, that LPCVD silicon deposited below 580° C. in 
the amorphous form, is converted to fully crystalline 
after annealing for 30 min. at 900° to 1000° C., where 
the given annealing temperatures and time represent 
convenient integrated circuit process temperatures and 
time. 
FIG. 11 shows the elastic scattering intensity versus 

deposition temperature of as-deposited layers. Based on 
what is presented in FIG. 10, the same information as 
given in FIG. 11 could also be obtained by using the 
very much more rapid laser scanner characterization, 
according to the present invention. After the annealing 
treatment, as mentioned above, FIG. 12 shows the elas 
tic light scattering intensity versus original deposition 
temperature of the now crystalline'd layers. Moreover, 
based on the correlation data of FIG. 10, the same infor 
mation could as well be obtained by using the much 
more rapid laser scanner characterization of the present 
invention. Note that the layers that have undergone 
annealing treatment are denoted in FIG. 10 by square 
symbols. The important point to be noted in comparing 
FIG. 12 with FIG. 11 is that the elastic scattering inten 
sity of the originally amorphous layers is practically 
unchanged by the annealing treatment. In other words, 
the very desirable, originally amorphous deposited lay 
ers can still be separated from the undesirable, origi 
nally crystalline deposited layers after the annealing 
treatment based on the very much lower elastic light 
scattering intensity of the former. Alternatively, if the 
correlation given in FIG. 10 is used, the separation is 
seen by the much higher laser scanner units (Intensity I) 
of the former (area 309" in FIG. 10, square symbols) as 
compared to the latter (area 306" in FIG. 10, shown for 
simplicity also as square symbols). 

In practicing the present invention for rapid accept 
ability characterization of light scattering material, 
which can be deposited in a given process, in one or 
another crystallographic phase, the apparatus (FIGS. 1 
and 2) is adjusted for Intensity I for achieving full (blos 
som) display as described hereinabove. For the 
LPCVD silicon process, a ?lm of as-deposited amor 
phous will provide scattering whereby the Intensity I 
(FIG. 30) will be large, for example 550 or more scan 
ner units (FIG. 10). If the ?lm is as-deposited crystal~ 
line, however, the Intensity I will be much lower, for 
example, 350 or less scanner units (FIG. 10). Moreover, 
to distinguish a post-crystallized ?lm which has under 
gone annealing treatment necessary for device applica 
tion, the same method can be applied. Thus, the ?lm 
which originally (as-deposited) has been amorphous 
exhibits scattering after annealing, whereby the Inten 
sity I (FIG. 30) will be large, for example, 550 scanner 
units or more (FIG. 10). Conversely a ?lm which origi 
nally (as-deposited) had been crystalline, will exhibit 
scattering after annealing, whereby the Intensity I 
(FIG. 3a) will be much smaller than for the former, for 
example, 350 scanner units or less. The peaks in FIGS. 
3a and 3b representing individual defects or dust as 
described with respect to the previous invention are not 
relevant, it should be understood, for the present inven 
tion. 
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Thus, the method of the present invention can be 
used for a rapid and unambiguous acceptability charac 
terization of the highly desirable as-deposited amor 
phous LPCVD layers whether in the as‘deposited or in 
the post-crystallized (annealed) state. In a typical use of 
the invention, in practice, one can therefore determine 
whether a layer intended to be amorphous is or was 
indeed amorphous, by the process of the invention de 
scribed hereinabove. 
While the invention has been described in terms of 

evaluating or characterizing silicon material, the inven 
tion can be used in other ?elds where the material is in 
phase transformable form. For example, in the ?eld of 
optical discs for information storage, certain materials 
used in the optical disc are subject to transformation 
between the amorphous and crystalline state, in re 
sponse to heat by a laser or other heat source. The 
materials used for such reversible or phase transform 
able optical discs comprise the class of tellurium, sele 
nium, frequently called chalcogenides, and binary or 
ternary alloys thereof with some admixtures. Fre~ 
quently one refers to the amorphous state of such mate 
rials as the “glassy state.” This group of materials can be 
evaluated in the same manner as described by FIGS. 7 
through 12. Based on our practice with tellurium and 
antimony selenides it appears very likely that the inven 
tion will find application for this general class of materi 
als and the general field of optical storage discs. 

It should be appreciated, according to the present 
invention, that one can, for a given deposition process 
and after previous correlation by other methods, deter 
mine the crystallographic phase of the material whether 
it is amorphous, or crystalline, or whether it had been 
deposited amorphous previous to crystallization. More 
over, these determinations can be achieved very rap 
idly, for example, within 5 to 10 seconds. In the prior 
art, the conventional methods for determining such 
states takes minutes, if not hours, to accomplish. In the 
?eld of processing semiconductor material, the inven 
tion thus allows for a very rapid determination and 
characterization of semiconductor materials as they are 
processed. 
What is claimed is: 
1. A method for determining the phase of a deposited 

material having a property of absorbing light to a given 
penetration depth, said material being capable of being 
deposited in either of two predetermined phases, com 
prising the steps of: 

(a) depositing one of said two phases of said material 
on a surface; 
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(b) exposing one or more regions of said material to a 
beam of light of a selected wavelength; 

(c) detecting light having an intensity greater than a 
threshold intensity scattered from the exposed ma 
terial to provide an electrical signal proportional to 
the intensity of scattered light detected above said 
threshold intensity; 

(d) applying the electrical signal to a visual display 
device to control the intensity of the display beam 
of the device; and 

(e) varying said threshold intensity to thereby vary 
the intensity of the display beam so as to provide 
the minimum intensity of display beam which 
yields a full display of the exposed material, 
wherein the value of the threshold intensity is a 
direct measure of the phase in which said material 
was deposited. 

2. The method of claim 1 comprising depositing said 
material at a ?rst relatively low temperature, and, fol 
lowing said depositing step, annealing said material at a 
relatively high temperature, whereby the phase of said 
material as-deposited prior to annealing is determined 
by said value of intensity. 

3. The method of claim 1 comprising depositing said 
material by low pressure chemical vapor deposition 
(LPCVD) of silicon in either an amorphous phase at 
560° to 580° C. or crystalline phase at 600° to 620° C. 

4. The method of claim 1 comprising depositing said 
material selected from the group consisting of chalco 
genides and alloys of tellurium and selenium. 

5. The method of claim 1 comprising depositing said 
material from the chalcogenides group consisting essen 
tially of tellurium and selenium and binary or ternary 
alloys thereof. 

6. The method of claim 1, wherein the light exposing 
step comprises scanning the light beam of a selected 
surface portion of the material. 

7. The method of claim 1, wherein the light exposing 
step comprises exposing the material to a plurality of 
selected spatially separated beams incident on the sur 
face of the material. 

8. The method of claim 1, wherein the wavelength of 
said light is selected from a wavelength within the range 
of 2,600—5,2OO angstroms. 

9. The method of claim 1 comprising depositing said 
material as a layer of amorphous silicon on a layer of 
single crystal silicon. 

10. The method of claim 1 comprising depositing said 
material as a layer of polycrystalline silicon on a layer of 
single crystal silicon and annealing said polycrystalline 
layer prior to steps (b) to (e). 


